Raman and infrared spectroscopies are used as local probes to study the dynamics of the Nd-O bonds in the weakly multiferroic NdMn2O5 system. The temperature dependence of selected Raman excitations reveals the splitting of the Nd-O bonds in NdMn2O5. The Nd 3+ ion crystal field (CF) excitations in NdMn2O5 single crystals are studied by infrared transmission as a function of temperature, in the 1800-8000 cm -1 range, and under an applied magnetic field up to 11 T. The frequencies of all 4 Ij crystal-field levels of Nd 3+ are determined. We find that the degeneracy of the ground-state Kramers doublet is lifted (∆0 ~7.5 cm -1 ) due to the Nd 3+ -Mn 3+ interaction in the ferroelectric phase, below TC ~ 28 K.
I. Introduction
Manganite multiferroic materials, RMn2O5 and RMnO3 (R = Tb, …Tm), have recently attracted much attention due to their potential for technological applications [1] [2] [3] [4] [5] .
For example, they offer the opportunity to realize a Magnetoelectric Random Access Memory (MeRAM) [6] that would allow writing magnetic information by the application of small electric fields. They are also candidate materials for the liquefaction of hydrogen and helium gases using a giant rotating magnetocaloric effect at low magnetic fields as recently reported in the multifunctional materials TbMn2O5, HoMn2O5 and TbMnO3 single crystals [3] [4] [5] . In order to implement these systems in functional devices or conceive new optimized multifunctional materials, one needs to elucidate the mechanisms behind their physical properties, in particular the challenging issue of the microscopic origin of the spininduced ferroelectricity.
The microscopic mechanisms usually proposed to explain the spin-induced ferroelectricity in orthorhombic RMnO3 are i) the antisymmetric Dzyaloshinskii-Moriya (DM) interaction between non-collinearly ordered spins, which breaks the inversion symmetry through the displacement of negatively charged ligands [7] , or ii) by the spin current model [8] . In contrast, the ferroelectricity in RMn2O5 systems, induced or enhanced by a nearly collinear magnetic interaction, cannot be explained by the standard DM model. This failure has opened a debate on the microscopic origin of ferroelectricity in this family [1, [9] [10] [11] . The strong magnetoelectric coupling in the RMn2O5 series with polarization along their b axis can be as large as P//b > 3000 μCm −2 for GdMn2O5, while, for the orthorhombic RMnO3 systems, the largest polarization reaches only P//c ~ 600 μCm −2 for
TbMnO3 along its c axis. For both families, this magnetoelectric coupling is also strongly 3 dependent on the size of the rare-earth [2, [12] [13] [14] [15] . The RMn2O5 compounds with large ionic radii (R= La and Pr) do not exhibit a detectable electric polarization and are considered as paraelectrics [14] , while those with small ionic radii (R=Sm to Lu) display a finite electric polarization [13] . The intermediate size member of this family NdMn2O5 represents a particular case between the non-ferroelectric PrMn2O5 and the ferroelectric SmMn2O5.
Recently, Chattopadhyay et al. [16] [17] have revealed the weak ferroelectric character of this compound. The electric polarisation of NdMn2O5 (~2.4 μCm −2 ) is two orders of magnitude smaller than that of other multiferroic members of this series. Moreover, unlike the other multiferroic members of this family, its electrical polarization arises in an incommensurate magnetic state [13] .
The RMn2O5 compounds crystallize in the orthorhombic structure [18] [19] 
II. Experiment
NdMn2O5 single crystals used for these measurements were grown with the flux-melt method as described in Ref. [29] . These crystals show thin rectangular platelet shapes, with typical dimensions of 2 x 2 x 0.3 mm 3 . The Raman spectra were measured using a Labram-800 Raman spectrometer equipped with an appropriate notch filter and a nitrogen-cooled CCD detector. The samples were mounted on the cold finger of a micro-helium Janis cryostat and the Raman spectra were recorded between 5 K and 300 K. The excitation laser 6 line (632.8 nm) was focused through a 50x objective with intensity less than 0.8 mW to avoid local heating. The infrared transmission spectra were recorded in the 1500-8000 cm -1 range with a Fourier transform interferometer BOMEM DA3.002 equipped with a quartzhalogen source, a CaF2 beamsplitter and an InSb detector. In this measurement configuration, the incident light propagates parallel to the c-axis. For experiments in magnetic fields, the sample was placed in a cryostat equipped with a superconducting coil with the applied magnetic field along the c-axis and parallel to incident light propagation direction and was probed via light-pipe optics using a Bruker Vertex 80v infrared spectrometer. The sample was kept at 4.2 K in a low-pressure helium gas during the experiments. The magnetization measurements were carried out using a superconducting quantum interferometer device (SQUID) magnetometer from Quantum Design.
III. Experimental results
Vibrational spectroscopy signatures reflect the space group symmetry and informs on the local structural properties of materials based on the characteristics of the excited phonons. Figure 1 shows the temperature dependence of the Raman spectra of NdMn2O5 in the x(y'z')x ≡ ki(eies)ks configuration. In the notation ki(eies)ks, the letters k and e denote and c-axis (at 2 K) are shown in Fig. 3(d) . The inset shows the derivative of M (dM/dH) obtained along the c-axis. In small applied magnetic fields, the magnetization increases linearly with H, but in the region of ~ 2.5-3 Tesla, there is a kink in the M (H) dependence (more pronounced for H // a). This behavior is not observed for T ≥ 6 K indicating that the low-temperature magnetic structure undergoes a magnetic-field-induced transition around 2.5-3.0 Tesla [18] . For H ≥ 3 Tesla, the magnetization continues to increase and no tendency toward saturation is observed up to 7 Tesla.
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IV. Discussion
A zoom of the temperature dependence of the absorption bands (~ 3920 cm -1 ) for the f-f transition of Nd 3+ in NdMn2O5 is presented in Fig. 6(a) The variation of ∆0(T) as a function of temperature is presented in Figure 8 (a). The Nd 3+ ground-state Kramers doublet splits below TC ~ 28 K as the crystal gets into the ferroelectric phase. In the following, we use the Δ0(T) dependence, obtained as described above, to estimate the Neodymium magnetic moment mNd(T) and the Neodymium 13 contribution to the specific heat and the magnetic susceptibility. We will compare these extracted properties with direct experimental data. The temperature dependence of the magnetization arising only from the Nd 3+ magnetic moments, mNd(T), can be calculated within the framework of the ground-state doublet model, according to the following equation:
where Δ0(T) is the energy splitting between the two components of the KD ground state, kB is the Boltzmann constant and mNd(0) is the zero-temperature magnetization. The variation of ( ) ⁄ (0) is shown in Fig. 8(b) . Here we find that is not zero below TC = 28 K. It implies that the Nd ions are involved in the magnetic and the ferroelectric ordering observed below 28 K, unlike the scenario recently proposed by
Chattopadhyay et al. [16] , and consistently with what has been observed in HoMn2O5 and TbMn2O5 where the Ho and the Tb spins are partially ordered even at 26 K and 27 K, respectively [21] .
To additionally checking whether the phase transitions observed in the magnetization measurements and the heat capacity measurements are connected to the Nd 3+ ions or not, we have evaluated the Neodymium contributions to the magnetic susceptibility χNd(T) and specific heat CNd(T), according to equations (2) and (3) respectively [37] [38] [39] :
where NA is the Avogadro number and R is the ideal gas constant. along the a-axis at low temperature [9, 41] for which Y and Bi do not carry a magnetic moment. Also, the Schottky-type Neodymium contribution in CNd(T)/T explains well its increase at low temperature and the occurrence of a peak near 4.5 K corresponding to the Nd 3+ magnetic ordering [17] . A similar Schottky-type rare-earth anomaly could also explain the increase of C(T)/T for GdMn2O5 and DyMn2O5 [42] . 
Conclusion
In this paper, we have mainly presented a high-resolution spectroscopic investigation Figures captions Figure 1 : The temperature dependence of the Raman spectra of NdMn2O5 in the x(y'z')x.
Inset: the Raman spectra of NdMn2O5 at 5 K measured in the x(zz)x and x(yz)x configurations. 
